Somatosensory information from the face is transmitted to the brain by trigeminal sensory neurons. It was previously unknown whether neurons innervating distinct areas of the face possess molecular differences. We have identified a set of genes differentially expressed along the dorsoventral axis of the embryonic mouse trigeminal ganglion and thus can be considered trigeminal positional identity markers. Interestingly, establishing some of the spatial patterns requires signals from the developing face. We identified bone morphogenetic protein 4 (BMP4) as one of these target-derived factors and showed that spatially defined retrograde BMP signaling controls the differential gene expressions in trigeminal neurons through both Smad4-independent and Smad4-dependent pathways. Mice lacking one of the BMP4-regulated transcription factors, Onecut2 (OC2), have defects in the trigeminal central projections representing the whiskers. Our results provide molecular evidence for both spatial patterning and retrograde regulation of gene expression in sensory neurons during the development of the somatosensory map.
SUMMARY
Somatosensory information from the face is transmitted to the brain by trigeminal sensory neurons. It was previously unknown whether neurons innervating distinct areas of the face possess molecular differences. We have identified a set of genes differentially expressed along the dorsoventral axis of the embryonic mouse trigeminal ganglion and thus can be considered trigeminal positional identity markers. Interestingly, establishing some of the spatial patterns requires signals from the developing face. We identified bone morphogenetic protein 4 (BMP4) as one of these target-derived factors and showed that spatially defined retrograde BMP signaling controls the differential gene expressions in trigeminal neurons through both Smad4-independent and Smad4-dependent pathways. Mice lacking one of the BMP4-regulated transcription factors, Onecut2 (OC2), have defects in the trigeminal central projections representing the whiskers. Our results provide molecular evidence for both spatial patterning and retrograde regulation of gene expression in sensory neurons during the development of the somatosensory map.
INTRODUCTION
In all vertebrate species, somatic stimuli from the face are transmitted to the somatosensory centers in the central nervous system (CNS) by the conserved trigeminal sensory neurons. In rodent, from the trigeminal ganglion, three distinct peripheral axon bundles are formed to innervate three primary regions of the face: ophthalmic, maxillary, and mandibular areas ( Figure 1A and also Waite and Tracey, 1995) . Newly born trigeminal neurons immediately choose one of the three pathways to extend a peripheral axon while simultaneously projecting a central axon into the brainstem (O'Connor and Tessier-Lavigne, 1999) . Later, the central axons sprout out interstitial axonal collaterals that project into several brainstem nuclei, generating a set of inverted somatotopic maps representing the face inside the brain ( Figure 1E and also Waite and Tracey, 1995) . Within the maxillary region of the ganglion, a population of neurons sends peripheral axons to innervate the whiskers on the face. Their central axons in turn form modular synapses known as ''barrelette'' structures that represent individual whiskers. Notably, the pattern and number of whiskers on the face are precisely replicated by barrelettes in the brainstem, with a onebarrelette-one-whisker relationship ( Figure 1E , also reviewed by Killackey et al., 1995) . However, the molecular mechanisms employed by trigeminal neurons to transform the spatial information of the face into spatial maps within the brain are largely unknown.
Previous studies of somatic sensory neurons resided in the dorsal root ganglia (DRG) have revealed that there are specific transcription programs regulating distinct aspects of neuronal development and differentiation, including the early specification of sensory lineage (Anderson, 1999; Knecht and Bronner-Fraser, 2002) , axon outgrowth (Graef et al., 2003) , axon pathfinding (Arber et al., 2000; Inoue et al., 2002) , as well as differentiation into specific sensory modalities (Chen et al., 2006a (Chen et al., , 2006b Kramer et al., 2006; Marmigere et al., 2006; Yoshikawa et al., 2007) . However, whether there are also transcription factors that specify the positional identities of DRG neurons with regard to their body targets is currently unknown. Another interesting aspect of somatosensory neuron development is the influence of target-derived signals on their differentiation and maturation. For example, periphery-derived neurotrophins are not only essential for the survival of DRG neurons (Ginty and Segal, 2002) , but also for their axonal innervation of the skin (Patel et al., 2000) ; target-derived NT3 is necessary for inducing the ETS transcription factor Er81 expression in proprioceptive neurons (Hippenmeyer et al., 2004; Patel et al., 2003) ; Activin expressed in skin tissue induce the expression of neuropeptide CGRP in DRG neurons (Ai et al., 1999; Hall et al., 2001; Xu et al., 2005) , and artificial manipulation of the amount of skin-derived BMPs can alter the number of trigeminal sensory neurons and the extent of their peripheral innervation (Guha et al., 2004) . Thus, retrograde signaling from targets to cell bodies plays important roles in sensory neuron development.
But whether peripheral targets can also retrogradely specify the positional identities of sensory neurons is unknown.
To begin to understand the question of spatial patterning in the trigeminal ganglia, we first performed microarray gene expression analyses on neurons projecting to the three distinct areas of the face. We identified a set of genes that are differentially expressed along the dorsoventral axis of the trigeminal ganglion and thus can roughly be considered as positional identity markers. Using these tools, we obtained evidence for target-derived influences on the positional patterning of these neurons and identified some of the molecular components of this retrograde specification mechanism. (F-H) In situ hybridization reveals spatial patterns of genes encoding four transcription factors (Tbx3, OC2, OC1, and Hmx1) within the E10.5 (F), E11.5 (G), and E12.5 (H) trigeminal ganglion. *OP, MX, and MD = ophthalmic, maxillary, and mandibular neurons/axons, respectively. 1 and 2 illustrate the plane of the two sections in (C) and (D). Scale bar is 100 mm.
RESULTS

Early Somatotopic Organization of Trigeminal Ganglia and the Identification of Positional Differences among Trigeminal Neurons
In initial experiments, we placed two lipophilic dyes (DiI and DiA) individually into each of the developing target regions of the three trigeminal nerves in fixed E10.5 mouse embryos ( Figure 1B) . This permitted the retrograde labeling of neuronal cell bodies within the ganglion. We found that trigeminal neurons projecting into the three peripheral branches are spatially segregated into three distinct groups along the dorsoventral axis of the ganglion: (1) a relatively small, dorsal-most domain of ophthalmic projecting neurons; (2) a large middle region corresponding to neurons projecting into the maxillary arch; and (3) a ventral division of mandibular-innervating neurons ( Figure 1C) . Moreover, the main central axons are also organized into three ordered parallel tracks ( Figure 1D ). Thus, there is an early somatotopic organization of both the neuronal bodies and the major axonal tracks in the trigeminal system. This finding is consistent with previous studies in various species (Beaudreau and Jerge, 1968; Borsook et al., 2003; Erzurumlu and Jhaveri, 1992; Scott and Atkinson, 1999) . The segregation allowed us to obtain neurons projecting to distinct facial areas (ophthalmic, maxillary, and mandibular neurons) by microdissecting 500 E11.5 trigeminal ganglia (TG) and comparing gene expression patterns among them by genome-wide analysis. In this way, we identified a set of molecular markers that exhibit distinct spatial patterns of expression within the E11.5 TG. We focused on four transcription factors for further analyses as described below. (Details of the microarray studies and the list of genes confirmed by in situ hybridization experiments can be found in Supplemental Experimental Procedures and Table S1 in theSupplemental Data available with this article online).
A Set of Transcription Factors Can Be Considered
Positional Markers for TG Sensory Neurons At E11.5 ( Figure 1G ), the gene encoding Tbx3, a T box family transcription factor (Coll et al., 2002) , is expressed in all ophthalmic TG neurons, as well as in approximately the dorsal half of the maxillary TG, and a few scattered mandibular neurons. The gene encoding Onecut2 (OC2), a cut-domain-containing homeobox transcription factor (Jacquemin et al., 1999 (Jacquemin et al., , 2003b shows differential levels of expression along the dorsoventral axis: it is expressed strongly in the ventral half of the maxillary TG and in the majority of the mandibular neurons, but weakly in the ophthalmic and the dorsal half of the maxillary regions. The expression of Onecut1 (OC1, also called HNF6), a gene encoding another cut homeobox protein (Clotman et al., 2002; Jacquemin et al., 2003a) , is primarily limited to mandibular neurons and is also transcribed in a narrow, most ventral stripe of the maxillary TG at this age. Finally, Hmx1, a homeobox factor (Adamska et al., 2001) shows specific expression in mandibular region.
We next addressed when TG neurons acquire these position-dependent differences in gene expression. At E10.5 when the TG axon outgrowth has just initiated ( Figure 1F ), the spatial patterns are not identical to those seen at E11.5. Strong Tbx3 is seen in fewer scattered cells, with a low-level expression throughout the TG. OC2 is uniformly expressed in the ganglia at this stage. The expression of OC1 is less restricted compared to that typically observed at E11.5. It extends into the dorsal part of the ganglion. Only Hmx1 shows the same mandibular restricted pattern as in the E11.5 embryo. Thus, it appears that the expression patterns of Tbx3, OC2, and OC1 change as the trigeminal axons grow into their peripheral targets from E10.5 to E11.5. We also examined TG at E12.5 and E16.5 and found that the expression patterns of the four transcription factors are largely similar to those at E11.5, with the level of OC2 further reduced in the dorsal region of the TG ( Figure 1H for E12.5 and data not shown for E16.5).
Position-Dependent Pattern of Gene Expression Is Not an Intrinsic Property of Trigeminal Ganglion Neurons
Having observed positional differences between trigeminal sensory neurons in vivo, we asked whether these identities are intrinsic and cell autonomously sustained in these neurons or whether their acquisition or maintenance requires extrinsic signals. To assess this, we cultured trigeminal ganglia isolated from E11.5 embryos in vitro for 16-24 hr either in media alone or in media supplemented with neurotrophins (NTs). In media alone, these transcription factors are either not expressed (Tbx3 and Hmx1) or weakly expressed (OC2 and OC1) in trigeminal neurons (Table 1 , first column, and data not shown). This is not a result of cell death because TG isolated from Bax À/À embryos, in which neuronal apoptosis is prevented, gave essentially the same results (data not shown). Furthermore, we performed anti-NeuN staining (which detects all postmitotic neurons) together with TUNEL staining (which reveals apoptotic cells), and found that although there is cell death, only less than 1% of the TUNEL positive cells are also NeuN positive ( Figure S1 ). This indicates that all the live neurons under this culture condition do not express appreciable levels of the transcription factors. Thus, the positional differences in gene expression observed in vivo are not stable intrinsic properties of trigeminal neurons since they cannot be maintained in culture. Next, we cultured TG in media supplemented with neurotrophins. Both NGF and NT3 were added since these two factors were shown to support the survival and growth of the majority of trigeminal neurons at this stage (Huang et al., 1999a; O'Connor and Tessier-Lavigne, 1999) . Again, less than 1% of NeuN-positive cells are also TUNEL positive ( Figure S1 ). Interestingly, in the presence of NTs, most of the NeuN staining appears around the outer edge of the ganglion leaving the center barely stained. Perhaps axon outgrowth induced by the NTs caused the migration of the cell bodies to the edge. All quantifications of in situ results involve only NeuN-stained cells. An example for Tbx3 in situ hybridizaton and NeuN immunofluorescence on the same section is shown in Figure S2 .
In the presence of NTs, the expression of Tbx3 was still barely detectable, OC2 and OC1 were expressed at relatively high levels in more than 90% of neurons throughout the ganglion, and Hmx1 was detected in a small subset (20%) of trigeminal neurons scattered across the ganglion without any discernable spatial pattern ( Figure 2A and Table 1, third column). These findings indicate that NTs are not sufficient to maintain Tbx3 expression but are necessary and sufficient to induce/maintain OC1 and OC2 expression. As to Hmx1 transcription, NTs are necessary but not sufficient for maintaining the spatially restricted expression pattern (also see below). Similar results were obtained for cultured E10.5 trigeminal ganglia (data not shown).
To carefully examine whether there are any spatial differences in the expression of OC2, OC1, and Hmx1 induced by NTs, we compared the average in situ signal intensity (per unit area) in the dorsal one-third of the trigeminal ganglion (I d ) to that in the ventral one-third of ganglion (I v ) and expressed the results as a ratio of I d /I v (illustrated in Figure 2D ). Ratios that deviate significantly from 1.0 are indicative of differential expression. No statistically significant differences were detected between dorsal and ventral trigeminal ganglion for these three genes in NT-treated cultures ( Figure 2D and Table 1 , third column). Thus, uniform application of NTs to TG neither maintains nor generates spatial differences of transcription factor expression among the TG divisions. Since the neurotrophins are equally expressed along the pathways and in target areas of the three trigeminal nerves during development (O'Connor and Tessier-Lavigne, 1999 ), it appears that extrinsic signals other than neurotrophins must be present in vivo for the induction or maintenance of Tbx3 expression, as well as for the suppression of neurotrophin-induced OC1, OC2, and Hmx1 in dorsal (ophthalmic and maxillary) TG neurons.
BMP4 Regulates the Expression of Positional Identity Genes in Trigeminal Neurons In Vitro
In order to identify the ''extrinsic factor(s),'' we first cultured E10.5 trigeminal ganglia together with the eye, and the maxillary and mandibular arches, such that the peripheral axons of the trigeminal neurons were left intact in the developing facial tissues. We found that positional differences in the expression of the four transcription factors can be partially restored/maintained in such cocultures ( Figure S3 and data not shown). This implies that the extrinsic signal(s) comes from the developing craniofacial targets. We took a candidate approach and tested whether sonic hedgehog (SHH), FGF8, retinoic acid, WNTs (by using GSK3 inhibitors), or BMP4 can affect the expression of the transcription factors. Only BMP4 had major effects (data not shown for negative results of other factors). In the TG cultures supplemented with both NTs and 20 ng/ml BMP4, we observed a dramatic increase in Tbx3 expression ( Figure 2C ), a significant reduction in NT-dependent OC2 and OC1 expression, and an apparent mandibular specific expression of Hmx1 ( Figure 2C and Table 1 ). The strongest OC1-expressing cells also appear to be in the mandibular part of the cultured TG. Quantitative analyses (Table 1, Since the expression levels of these transcription factors are not uniform across the ganglia under this culture condition, for simplicity, we measured the maximum (i.e., the strongest) in situ intensities. We found that BMP4 plus NTs caused a 10-fold increase in the expression of Tbx3, a 50% reduction in the OC2, and a mild inhibition of OC1 and Hmx1 levels in the mandibular neurons (Table 1 ). BMP4 alone is sufficient to induce Tbx3 expression, although the level is weaker than that induced by BMP4 plus NTs ( Figure 2B and Table 1 , second column). Our results indicate that TG neurons have intrinsic differences that allow them to respond to extrinsic BMP4 differentially. Ophthalmic and maxillary neurons are very responsive to BMP4-mediated suppression of OC1 and Hmx1, while mandibular neurons are refractory to such suppression. On the other hand, BMP4 induces Tbx3 expression to similar levels in almost all TG neurons, suggesting that the intrinsic differences in responses to BMP signaling do not involve all genes but are specific to a specific subset. As a control for the specificity of BMP4, we found that neither BMP7 nor ActivinA at a concentration of 20 ng/ml had any obvious effect on the expression of these transcription factors ( Figure S4 for BMP7 and data not shown for ActivinA).
Bmp4 and Phosphorylated-SMAD1/5/8 Expression In Vivo
The results from the in vitro experiments with BMP4 prompted us to investigate the in vivo expression pattern of Bmp4 by utilizing the Bmp4
LacZ mouse in which the LacZ gene is inserted into the Bmp4 locus as a reporter (Furuta and Hogan, 1998; Lawson et al., 1999) . At E9.5, Bmp4 is expressed in the optic cup and in ectodermal tissues at the distal regions of the first branchial arch, which are not in contact with the ganglion ( Figure S5A ). At E10.5, comparing the whole-mount LacZ staining to the wholemount neurofilament (NFM) staining of Bmp4
LacZ embryos (littermates), it is apparent that at this stage, some ophthalmic and maxillary trigeminal axons are in contact with Bmp4 expressing cells, while mandibular axons are not ( Figure 3A ). For E11.5 embryos, we costained tissue sections with b-gal (for Bmp4) and anti-NFM antibodies (to reveal the trigeminal axons; Figure 3B ). At this stage, Bmp4 is expressed in regions adjacent to the ophthalmic axons ( Figure 3B1) , and in the distal half of the maxillary arch into which many maxillary axons have grown ( Figure 3B2 ). In the mandibular arch, Bmp4 is restricted to only the dorsal and distal-most ridges toward which only a small population of mandibular axons projects (Figure 3B3) . The spatial distribution of Bmp4 mRNA puts BMP4 in an excellent position to induce Tbx3 and to suppress OC2, OC1, and Hmx1 transcription in the ophthalmic and the maxillary trigeminal neurons in early development. Other Bmp family members are either not expressed or weakly expressed (such as Bmp7) at these stages ( Figure S5B and data not shown).
A hallmark of canonical BMP4 signal transduction is the phosphorylation of Smad-family transcription factors, in particular Smad1/5/8 (Massague and Gomis, 2006; Nohe et al., 2004) . We therefore performed anti-phosphoSmad1/5/8 staining (hereafter referred to as pSmad staining) in fixed embryos. pSmad-positive cells (nuclei) are located in the ophthalmic and dorsal maxillary domains of the TG (at E11), but not in the mandibular division ( Figure 3C2 ). In situ hybridization of adjacent sections demonstrates that the Tbx3 pattern is almost identical to that of the pSmad staining ( Figure 3C1 ). These results confirm the existence of position-dependent BMP signaling within the TG in vivo. They also suggest that Tbx3 is likely to be a direct transcriptional target of BMP signaling in neurons, a finding consistent with previous reports in other systems (Yang et al., 2006) .
BMP4 Can Signal to Trigeminal Neurons in a Retrograde Manner
The pattern of nuclear pSmad in regions of the trigeminal ganglion correlates very well with where the trigeminal axons are in contact with Bmp4 expressing cells in peripheral targets, suggesting that BMP4 signals to these neurons in a retrograde manner, from axons to cell bodies. To directly test this possibility, we performed compartmentalized cultures of TG neurons using Campenot (1 or 10 ng/ml) for 2 hr by adding BMP4 to either the cell body or the distal axon chambers. Lysates of the cell body compartment were then immunoblotted with an antibody specific for pSmad1/5/8 or Smad1/5/8. chambers (Campenot, 1982) . We found that 10 ng/ml of BMP4 added only to the distal axons can indeed significantly increase the amount of pSmad in the cell bodies as examined by Western blot ( Figure 3D ). Interestingly, intense pSmad staining was seen in the axons of ophthalmic and maxillary neurons but not in mandibular axons ( Figure 3C3 ). Therefore, phosphorylated-Smads themselves could, in principle, be the retrograde messenger that are transported back to the cell bodies and then imported into the nuclei to induce transcriptional changes, a hypothesis that needs to be tested by future experiments.
BMP4 Is a Major Target-Derived Factor Regulating the Expression of Positional Identity Genes in Trigeminal Neurons In Vivo
The results described above predict that in vivo deficiency in Bmp4 should disrupt the expression patterns of positional identity markers in trigeminal neurons. Bmp4 null mouse mutants are early embryonic lethal (Dunn et al., 1997) . In the outbred ICR background, some of the null embryos can survive up to early E10.5. We performed expression analyses at approximately E10.25 (prior to death) in mutant and stage-matched heterozygous embryos. In the heterozygous controls, pSmad staining and strong expression of Tbx3 can be seen in a few scattered cells in the ophthalmic and dorsal part of the maxillary TG. There is also a weak Tbx3 expression throughout the ganglion (Figure 4A) . In contrast, in Bmp4 null mutant, pSmad staining is completely absent, and no strong Tbx3 expression is observed ( Figure 4B ). The differences are not due to the compromised viability or failed differentiation of neurons as NFM staining can be clearly visualized in TG neurons in Bmp4 null embryos ( Figure 4B ). Moreover, in culture, TG isolated from Bmp4 null embryo are as competent in turning on Tbx3 expression as TG from Bmp4 +/À embryos ( Figure S6 ). Taken together, our results strongly support the hypothesis that BMP4 is the major target-derived factor that activates Smad1/5/8 and induces Tbx3 in TG neurons at this stage in vivo.
The spatially restricted patterns of OC1 and OC2 have not yet been established at this point in control embryos ( Figure 4A ). However, the levels of OC2 and OC1 do appear mildly increased in Bmp4 mutant embryos, consistent with a model in which BMP4 normally suppresses their expression as observed in vitro (Figure 4 , compare lower panels with upper panels). The localization of Hmx1 transcripts is still confined to the mandibular region in Bmp4 null embryos, suggesting that this restricted pattern can be established by factors other than BMP4 at this stage ( Figure 4B ). This result, however, does not rule out a role of BMP4 in maintaining the mandibular restricted expression of Hmx1 at later stages such as E11.5.
Analyses of Smad4-Deficient Trigeminal Ganglia Neurons
To further analyze the retrograde BMP4 signaling from the perspective of TG neurons, we took advantage of two transgenic mouse lines: Wnt1-Cre and floxed-Smad4 (Smad4 C ) mice. Wnt1-Cre mice express Cre recombinase in neural crest cells including precursors to trigeminal neurons as well as cells populating the branchial arches (Chai et al., 2000; Jiang et al., 2000) . Smad4
C is a conditional (loxP-flanked) mutant allele of the Smad4 gene (Li et al., 2003; Yang et al., 2002) . Smad4 is the common Smad protein (co-SMAD) mediating signaling downstream of TGFb family factors (including BMPs). It binds to the phosphorylated R-Smad proteins (Smad1//5/8 for the BMP pathway), and the resulting complex is translocated into the nucleus to induce gene expression changes (Massague and Gomis, 2006; Nohe et al., 2004) . We examined embryos that are homozygous for the floxed-Smad4 allele (Smad4
C/C
) and also carry the Wnt1-Cre transgene (designated as Smad4-CKO, for Smad4 conditional knockout).
The Smad4-CKO embryos do not survive beyond E12.5 due to heart defects (Liu et al., 2004; Stottmann et al., 2004 ; data not shown). Thus, we analyzed TG at E11.5. As revealed by NFM and NeuN staining, the size of the TG and the total number of TG neurons in the Smad4-CKO embryos are less than 40% of those for control ganglia from Smad4 C/C without Cre or (Smad4
; Wnt1-Cre) embryos (NFM staining shown in Figures 4C and 4D , NeuN staining in Figure S7A and Table 2 ). NFM staining revealed a dramatic defect in peripheral projections from TG neurons in the Smad4-CKO embryos ( Figure 4D ). Instead of one maxillary branch, two bundles are formed in the mutant: a dorsal (d-Mx) and a ventral (v-Mx) maxillary nerve. The v-Mx (arrowhead in Figure 4D ) and the mandibular nerve (arrow in Figure 4D ) are tangled together, largely stopping at the boundary between the maxillary and mandibular arches. The ophthalmic and d-Mx axons are able to extend toward the eye or into the maxillary arch, respectively, but they do not extend all the way into the peripheral tissues to form branches ( Figure 4D1 ).
Although at present we do not know the molecular mechanisms underlying these abnormal peripheral axon projections in the Smad4-CKO embryos, we can take advantage of the phenotype to test the BMP-retrograde signaling hypothesis. The misprojection of the ventral maxillary (v-Mx) neurons should prevent them from receiving the BMP4 signal derived from the distal part of the maxillary arch ( Figures 3A and 3B) , and as expected, pSmad1/ 5/8 signal is significantly reduced in the v-Mx part of TG in Smad4-CKO embryos ( Figure 4F, arrow) . We quantified the average pSmad1/5/8 intensity in each of the three TG divisions separately. The average pSmad signal in the ophthalmic region (Op-pSmad) in control Smad4 C/C embryos was assigned as 100%. Similar levels of pSmad staining are present in ophthalmic and maxillary (MxpSmad) divisions in control E11.5 TG (Figures 4E and  4F ; Table 2 ). In contrast, in the Smad4-CKO TG, there is a mild reduction in Op-pSmad (78% of the control OppSmad), and a dramatic reduction in Mx-pSmad level (44% of the control; Table 2 ).
Next, we examined the spatial patterns of the four genes in Smad4-CKO TG. Compared with the results from controls, in Smad4-CKO embryos (at E11.5), Tbx3 is expressed in very few cells in the maxillary region of the TG but is still transcribed in many cells in the ophthalmic division. OC2 is almost uniformly expressed throughout the TG as opposed to the graded pattern in the control ganglion. OC1 is also transcribed throughout the TG in mutant. Finally, Hmx1 expression is expanded into the ventral maxillary TG and also appears in a few cells in the ophthalmic region, in contrast to its mandibular restricted distribution in control embryos (Figures 4E and 4F; Table 2 ). These results strongly support our BMPretrograde signaling hypothesis, because in the maxillary TG where pSmad1/5/8 is most severely reduced in Smad4-CKO mutants, we observe the most dramatic changes in the expression of the candidate positional markers (also see Table 2 ). The Hmx1 result indicates that BMP signaling, although dispensable for initiating the mandibular specific Hmx1 expression ( Figure 4B ), is important for maintaining this spatial pattern, a finding very similar to the in vitro effect of BMP4 on Hmx1 expression in cultured TG ( Figure 2C ). Wnt1-Cre should mediate the deletion of Smad4 in almost all of TG neurons in the conditional mutant, yet in ophthalmic and dorsal maxillary TG where many neurons receive BMP signal (judged by pSmad1/5/8), we still observed strong Tbx3 expression and Hmx1 suppression (see Table 2 for total number of NeuN + cells expressing Tbx3 or Hmx1). These results raise the possibility that Tbx3 and Hmx1 are regulated by Smad4-independent (but Smad1/5/8-dependent) BMP signaling. To test this, we turned again to in vitro culture experiments. In the presence of BMP4 and neurotrophins (NTs), TG isolated from Smad4-CKO were as responsive in turning on Tbx3 expression throughout the ganglia as the control TG and were also able to largely restrict Hmx1 transcription to mandibular regions with rare exceptions (Figures S7B-S7D ). Therefore, Smad4 is not required in TG neurons for mediating the effects of BMP4 on Tbx3 and Hmx1. In contrast, in the same culture (BMP4 plus NTs), Smad4 mutant TG expressed much higher levels of OC2 and OC1 than the control TG ( Figures S7B and S7C ), suggesting that suppressing the expression of these two genes by BMP4 does require Smad4, at least under this culture conditions. Taken together with the results from Bmp4 mutant embryos, our studies strongly support the hypothesis that the positional differences in gene expressions are largely a consequence of differential retrograde BMP4 signaling. Trigeminal neurons that contact BMP4-producing regions on the face acquire specific gene expression profiles (i.e., strongly induced Tbx3, reduced OC2, suppressed OC1, and continued absence of Hmx1 expression). This is achieved during the process of peripheral innervation through activation of pSmad-mediated transcriptional programs that are either Smad4-dependent or Smad4-independent.
Defects in Whisker Maps Formed by OC2-Deficient Trigeminal Neurons
Trigeminal central axons innervate the CNS and form synapses much later after the peripheral axons have selected specific craniofacial targets. We therefore hypothesize that these peripheral target-induced gene expression changes are used to regulate the central projections so that facial structures can be precisely mapped onto the brainstem. Because Bmp4 null mutants, as well as Smad4-CKO embryos, die before the projection of trigeminal central axon-collaterals into the hindbrain, we cannot study the face maps formed in these embryos. However, mice lacking OC2, one of the positional identity genes regulated by BMP4, are viable (Clotman et al., 2005) , allowing us to test our hypothesis in these mice. OC2 is not expressed in the craniofacial organs ( Figure S8 ) or in any of the brainstem trigeminal nuclei that are the central targets of TG neurons throughout development ( Figure 5B) . Therefore, the lack of OC2 should only affect TG neurons themselves. Consistent with this, the peripheral projections of trigeminal axons are normal in OC2 mutant embryos ( Figure S8 ), and we found no difference in the numbers of large and small whiskers in all genotypes (data not shown). Moreover, the size of OC2 mutant TG and the number of TG neurons are not statistically different from the controls (data not shown). 
OC2 Is Expressed at a Higher Level in Trigeminal
Neurons Innervating Ventral Whiskers OC2 expression is low in the dorsal part of TG, while it is highly expressed in the ventral part of TG ( Figures 1G,  1H , and 5A). To correlate these two domains with the peripheral innervation of TG neurons, we performed retrograde dye tracing experiments. We placed DiI and DiA crystals into adjacent rows of embryonic whiskers (rows A-E for large whiskers, S for small whiskers, as illustrated in Figure 5A ). Comparing of the DiI/DiA tracing results with the OC2 in situ hybridization results ( Figure 5A ), it appears that rows A and B are likely innervated by low-OC2 expressing neurons, whereas rows D, E, and S (small whiskers) are probably innervated by high-OC2 expressing cells; row C is supplied by neurons at the boundary of the two domains. Thus, the lack of OC2 expression should predominantly affect the central representation of the whisker rows of C, D, E, and S.
Topographic Axonal Order Is Largely Maintained, but Defects Are Observed in the Fine Whisker Maps Formed in OC2 Mutant Mice To examine the approximate topographic order of trigeminal central projections, DiI crystals were placed into whisker rows C and E of fixed E16.5 embryos for anterograde axon tracing. Two segregated clusters of axon termini within the brainstem were labeled in both control and OC2 mutant ( Figure 5D ), suggesting the coarse topographic order of TG axons was maintained in OC2 null animals. However, the labeled clusters in the mutant brain appeared wider, the distance between the two clusters were narrower, and some diffuse labeling was seen ( Figure 5D ), suggesting there are subtle mistakes or positional shifts in axonal projections. The more diffused central projections are not a consequence of mispositioned cell bodies in the TG. In the OC2 mutant TG, neurons innervating rows C, D, and E are still well segregated ( Figure 5C ). (D) Retrograde DiI tracing from whisker row C and row E demonstrates that the coarse topography of trigeminal axon projections into the brainstem is maintained, although the labeling appears to be more diffused in OC2 mutant. Scale bar is 100 mm.
Since DiI tracing results are of low resolution and highly variable, we turned to cytochrome oxidase (CO) staining for a better assessment of the whisker maps. The overall pattern of five rows of large barrelettes is preserved in the OC2 mutant ( Figure 6A ). However, there are variably misaligned barrelettes and fused barrelettes in all the OC2 mutant animals examined (n = 10, arrows in Figure 6A ). In addition, the small barrelettes (depicted by dashed lines) that represent small whiskers around the lips were poorly formed, as the boundaries between individual small barrelettes were largely blurred ( Figures 6A-6C ). The number of clearly defined small barrelettes in OC2 mutant is about half of the number in control animals ( Figure 6C ) even though the number of small whiskers on the face are the same in all genotypes. This defect is observed in both the spinal interpolaris nuclei SpI ( Figure 6A ) and the principle trigeminal nuclei PrV ( Figure 6B ). Furthermore, the total area of barrelettes representing rows C, D, and E (Area CDE ) is smaller in OC2 mutant mice whereas the barrelettes area representing rows A and B (Area AB ) is largely unchanged ( Figure 6D ). The average ratio of Area CDE :Area AB is 1.7 in control (heterozygous and wild-type) animals, whereas it is reduced to an average of 1.2 in mutants ( Figure 6E ; p < 0.01). These results are consistent with the idea that ventral trigeminal neurons are more defective than dorsal trigeminal neurons in mapping whiskers onto the brain in OC2 mutant mice.
Taken together, the analyses on the OC2 mutant phenotype support the hypothesis that the graded expression of OC2, induced by target derived BMP4, is necessary to instruct the fine mapping of whiskers by trigeminal central axons. The defects in OC2 mutants are clear, though relatively mild, presumably because other transcription factor genes (Tbx3, OC1, and Hmx1) which are expressed normally in the OC2 mutant TG (Figure S8C ), also contribute to patterning the central projections.
DISCUSSION
We have identified a set of candidate ''positional identity'' labels for mouse trigeminal sensory neurons that innervate and represent discrete areas of the rodent's face. We present evidence that after initial axonal outgrowth, peripheral target-derived signals can regulate gene expression in trigeminal neurons through a retrograde signaling mechanism. BMP4 is one such factor released by craniofacial tissues that patterns trigeminal neurons. Support for this idea comes from several different experiments, including in vitro culture assays, the in vivo correlation between the Bmp4 expression pattern and the spatial distribution of phosphorylated-Smad1/5/8 in trigeminal neurons, and the analysis of both Bmp4 null mutant and Smad4-CKO embryos. This retrograde regulation of positional differences operates while the trigeminal peripheral axons are in the dynamic process of innervating the craniofacial targets. We hypothesize that this mechanism allows the targets to communicate with the neurons about ''what and where they are innervating.'' Consequently, neurons can use this information to make accurate central projections. Our examination of the face/whisker maps formed in the OC2 mutant mice supports this hypothesis.
Spatial Patterning of Trigeminal Ganglia before the Onset of Axon Outgrowth
Trigeminal neurons are generated from both neural crest and neurogenic placode cells. The former originate from two specific segments of rhombomeres: r1 and r2 (AyerLe Lievre and Le Douarin, 1982) while the latter are also from two spatially distinct regions: the ophthalmic and maxillomandibular placodes (Begbie et al., 2002) . Thus, precursor cells from different spatial regions may be prepatterned to populate only one of the three trigeminal divisions. Previous work in chick demonstrated that the Pax3 gene is specifically expressed in the ophthalmic placode and Pax3 positive cells are committed to become only the ophthalmic neurons (Baker et al., 1999) . In our studies, we found that Hmx1 expression is restricted to the ventral region of the trigeminal ganglion as early as E9.5 when the ganglion is just being formed (data not shown), supporting the idea that precursor cells are spatially patterned. This prepatterning is likely important for setting up the general somatotopic organization of the trigeminal pathways.
Cell-Fate Plasticity and Retrograde Regulation of Sensory Neuron Gene Expressions In Vivo after Peripheral Innervation
The spatial prepatterning in dividing precursor cells is not irreversible (at least at early stages). When Pax3-positive placodal cells are transplanted to trunk regions, they can be integrated into the DRG, innervate the body, and make appropriate central connections (Baker et al., 2002) . In our studies, we showed that in vivo, BMP4 protein expressed in certain facial areas signals to trigeminal neurons in a retrograde manner to induce further gene expression changes as well as maintain the mandibular specific Hmx1 expression (Figures 3 and 4) . In Smad4-CKO mutant, v-Mx neurons that failed to receive BMP signal turned on Hmx1 ectopically ( Figure 4F ). Similar ''cell-fate plasticity'' has been observed in young DRG neurons. In experiments using early chick embryos (chick embryonic day E2.5) when the dorsal half of the neural tube was surgically rotated such that the rostrocaudal order of DRGs, but not that of motoneurons, was reversed, sensory neurons grew axons into the body locations according to their ''new'' position Scott, 1997, 1999) .
Retrograde Signaling as a General Principle for Organizing Somatosensory as Well as Other Neural Circuits
Why then does the somatosensory system allow cell fate plasticity if there already exists a predetermined general somatotopy, as just described? We speculate that it may be related to the primary function of the somatosensory system: to precisely map the body. Each somatic sensory neuron has two axons: an axon that supplies a peripheral organ, and a central axon that sprouts a set of collaterals that form synapses with second-order CNS neurons. The central collaterals always develop much later than the peripheral axons, perhaps waiting for the confirmation/information on ''what and where are the targets on the body.'' In this way, even if a peripheral axon misprojects, the ''new'' target will be able to induce transcriptional changes in this neuron to guide its central axons to project accordingly. Indeed, experiments creating artificial ''mistakes'' have been performed with DRG neurons in frogs and chick. When thoracic cutaneous sensory afferents were surgically redirected to project along the brachial nerve into the forelimb of a chick embryo or a tadpole, not only did these axons supply the muscle spindles, they also formed synaptic connections with appropriate forelimb motoneurons that were not their original central partners (Ritter and Frank, 1999; Wenner and Frank, 1995) . In the trigeminal system, target-derived BMP4 induces spatial differences in TG sensory neurons, and such molecular differences are important for TG neurons to map the face onto the CNS. This is supported by results obtained in mice deficient in one of the BMP regulated transcription factors, OC2. In particular, the small whiskers, normally innervated by high-OC2-expressing TG neurons, are not mapped properly onto the brainstem nuclei in OC2 mutant mice ( Figure 6 ). Retrograde signaling has emerged as a widely used mechanism during the development of the nervous system in both vertebrate and invertebrate. Many studies have demonstrated that retrograde signaling by targetderived factors regulates neuronal survival, axon extension, axon branching, dendritic patterning, neurotransmitter phenotypes, as well as the synaptogenesis (reviewed in Frank and Wenner, 1993; Glebova and Ginty, 2005; Hippenmeyer et al., 2004; Howe and Mobley, 2005; Keshishian and Kim, 2004) .
Role of Smad4 in Trigeminal Sensory Neuron Development
Our analyses of the Wnt1-Cre-mediated Smad4 conditional knockout (Smad4-CKO) embryos revealed several interesting phenotypes. Major defects occurred in the peripheral axonal projections of trigeminal neurons, the most obvious one being the entanglement of the v-Mx axons with the mandibular axons ( Figure 4D ). The aberrant axonal projections prevent the neurons in the v-Mx TG from receiving BMP signaling as indicated by a significant reduction of the pSmad1/5/8 signal ( Figure 4F ). It also results in changes in the expression of the four transcription factors ( Figure 4F and Table 2 ), therefore strongly supporting our hypothesis that target-derived BMP signaling regulates spatial patterns of gene expression in TG.
Using in vitro cultures, we found that Smad4 is largely dispensable for BMP regulated Tbx3 and Hmx1 expression ( Figure S7 ), whereas it is required for maximum suppression of OC2 and OC1 transcription in TG neurons ( Figure S7 ). The Smad4-independent regulation of Tbx3 may be cell type specific. A previous study on heart and limb identified Tbx3 as a direct target of BMP signaling in these tissues, and showed that both Smad1 and Smad4 can activate the Tbx3 promoter in vitro; therefore, although Smad4 is not necessary to induce Tbx3, it may be sufficient to do so. (Levy and Hill, 2005; Yang et al., 2006) . Coexistence of Smad4-independent and Smad4-dependent Smads transcription complexes in response to BMP signaling may be a general phenomenon in many biological processes (Biondi et al., 2007; Chu et al., 2004) .
Implications for Face Representation during Natural Selection, Variation, and Evolution One potential advantage of allowing peripheral targets to influence the gene expression of trigeminal neurons is to give the sensory system the ability to make adaptive changes when the face/body changes during natural selection and variation. In our study, we showed that craniofacial derived BMP4 has a profound influence on gene expression in trigeminal neurons. It is interesting to note that BMP4 was recently suggested to be one of the key regulators of the morphological variation of beaks in Darwin's finches by both correlative expression studies in finch species and by experiments using chick embryos (Abzhanov et al., 2004; Wu et al., 2004) . Together with our results, it implies that the same factor that regulates craniofacial morphological changes during natural selection also helps control sensory neuron gene expression. This would allow adaptive changes in facial structures to be immediately coordinated with and reflected by the trigeminal sensory system, thereby facilitating the coevolution of the two systems.
EXPERIMENTAL PROCEDURES
Mice
The generation and genotyping method of Bmp4-lacZ (Dunn et al., 1997) , Wnt1-Cre , Smad4 conditional mutant (Li et al., 2003) , and OC2 mutant (Clotman et al., 2005) mice have been described previously.
Methods for Various Histological Analyses
In situ hybridization, anti-PGP9.5 staining, and cytochrome oxidase staining are performed according to methods previously described (Fundin et al., 1997; Graef et al., 2003; Li et al., 1994) . For in situ hybridization and anti-NeuN costaining, in situ hybridization was carried out first, followed by incubation with anti-NeuN antibody (Chemicon) and detected by Alexa 568-labeled anti-mouse IgG (Invitrogen). For pSMAD staining, sections were incubated with Phospho-SMAD 1/5/8 (Cell Signaling) antibody at 37 C for 3 hr, followed by Alexa 488-conjugated secondary antibodies (Invitrogen). For LacZ and anti-Neurofilament costaining, sections of E11.5 embryos were developed in X-gal staining solution overnight and then stained with 2H3 antibody (Developmental Studies Hybridoma Bank). For lipophilic dye tracing, DiI or DiA crystals (Invitrogen) were injected into fixed embryos and allowed to diffuse at 37 C for 2 days for E10.5 embryos, 1 week for E13.5 embryos, and 8 to 12 weeks for E16.5 embryos. One hundred micrometer vibratome sections were collected and examined using a fluorescent microscope.
Neuronal Culture
Trigeminal ganglia were isolated and cultured in collagen matrix (UP State) as described previously (Graef et al., 2003) . NT3 (50 ng/ml, Peprotech Inc.), NGF (50 ng/ml, Sigma), recombinant human BMP4 (20 ng/ml, R&D Systems) were used as supplements. For compartmentalized cultures, trigeminal neurons were cultured on laminin (10 mg/ml) inside teflon chambers (Tyler Research) as described previously (Campenot, 1982) . Either cell bodies or distal axons were exposed to BMP4 (1 or 10 ng/ml) for 2 hr before cell body lysates were collected. All lysates were gel separated (SDS-PAGE) and immunoblotted with an antibody against phosphorylated Smad1/5/8 (1:1000) and Smad1/5/8 (1:1000, Cell Signaling).
Quantitative Analyses Methods
Quantification of In Vitro Cultures
Each trigeminal ganglion is serial sectioned onto four slides such that the expression of the four transcription factors under each of the culture conditions within the same ganglion can be assessed simultaneously. In situ hybridization procedures were carried out completely in parallel for all culture conditions, followed by anti-NeuN staining on the same slides. Images of all sections were acquired using the same exposure time. Only NeuN-positive cells are quantified. In situ signal intensities were measured using Metamorph software and corrected for background. Three independent experiments were carried out, and the results were averaged; p values are calculated using Student's t test. For spatial expression differences, the ventral region/ mandibular division was identified by the presence of the motor-root which formed a dent between the ophthalmic/maxillary and the mandibular divisions of the TG. Each ganglion was then oriented in the same direction. Every section from a trigeminal ganglion was arbitrarily divided into three divisions along the D-V axis of the ganglion (shown in Figure 2D ). Average in situ intensities of dorsal one-third, and ventral one-third were measured using Metamorph software. Results from three ganglia were averaged.
Quantitative Analyses of Smad4-CKO and Littermate Control Embryos
The number of neurons were counted using the method described by Huang et al. (1999b) . pSmad and in situ signal intensities were measured using Metamorph software. Six mutant and six control ganglia were measured, and the results were averaged and compared. p values are calculated using Student's t test.
Quantification of OC2 Mutant Phenotypes
After CO staining, images of all the hindbrain sections were acquired. The number of small barrelettes is counted blindly. The areas of the barrelettes rows are measured in Metamorph. The results from OC2 mutant mice were compared to wild-type and heterozygous controls. p values are calculated using Student's t test.
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